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Increased genetic susceptibility to renal damage in the stroke- the stroke-resistant and stroke-susceptible strains of
prone spontaneously hypertensive rat. spontaneously hypertensive rat (SHR and SHRsp, re-
Background. The spontaneously hypertensive rat (SHR) de- spectively) also exhibit differences in the severity of renalvelops much less renal damage than the stroke-prone strain
damage [1–8], which are observed even after salt-supple-of SHR (SHRsp) after salt-supplementation, and it has been
mentation in the absence of a stroke prone diet [8–10].proposed that these strains differ in their genetic susceptibility
to renal damage. However, radiotelemetric BP measurements The reasons remain poorly defined, but intrinsic genetic
have shown that salt-supplementation results in more severe differences in susceptibility to hypertensive renal dam-
and accelerated hypertension in the SHRsp. Therefore, it is age have been postulated [1–3, 7–13]. However, differ-unclear whether the differences in renal damage are due to
ences in the severity of renal damage cannot be ascribeddifferences in BP exposure or true differences in intrinsic (ge-
to differences in genetic susceptibility unless one cannetic) renal susceptibility to hypertensive damage.
Methods. Kidney cross transplantation was performed be- ensure equivalent control for the BP exposure of the
tween the SHR and SHRsp strains in uninephrectomized recip- kidneys in the compared strains. Radiotelemetric BP
ients to allow an investigation of the susceptibility to renal
measurements have shown that the BP is more salt-damage in SHR and SHRsp kidneys maintained in the same
sensitive in the SHRsp, that is, hypertension is morehost and exposed to the same BP profile and metabolic environ-
ment. Following transplantation, BP was radiotelemetrically severe and develops more rapidly after salt in the SHRsp
monitored before and after an 8% NaCl diet given to accelerate than in the SHR [10]. Thus, differences in the severity
hypertension and renal damage. Then the kidneys were re- of renal damage between the salt-supplemented SHRsp
moved and renal damage was assessed histologically.
and SHR may reflect differences in BP exposure ratherResults. In the SHR recipients, the SHRsp donor kidneys
than genetic differences in renal damage susceptibility.exhibited more hypertensive damage than the contralateral
native SHR kidneys, but histologic evidence of mild cellular As the SHR and SHRsp share the same major histocom-
immunologic rejection also was observed that could have facili- patibility complex (MHC) [14], we employed the tech-
tated the increased renal damage. However, even in SHRsp nique of kidney cross transplantation to examine if thererecipients, the native SHRsp kidneys exhibited twice the dam-
are intrinsic differences in renal damage susceptibilityage seen in the contralateral transplanted SHR kidneys.
after salt-supplementation between the kidneys of theseConclusion. These data unequivocally demonstrate that the
SHRsp kidneys are intrinsically more susceptible than the SHR two strains when exposed to an identical BP and meta-
kidneys to renal damage when exposed to exactly the same bolic milieu [15]. Kidney cross transplantation in both
BP and metabolic environment. directions was performed between the SHRsp and SHR
strains using unilaterally nephrectomized recipients to
test the hypothesis that the SHRsp kidney is genetically
In addition to a contrasting susceptibility to develop
(intrinsically) more susceptible to renal damage than the
stroke when provided a Japanese style stroke-prone diet,
SHR kidney.
† Deceased.
METHODS
Key words: rats, genetic hypertension, salt-sensitivity, nephrosclerosis,
Animals and animal carekidney cross transplantation.
Spontaneously hypertensive rats (SHR) were obtainedReceived for publication August 22, 2001
from a commercial source (Harlan Sprague-Dawley, In-and in revised form November 6, 2001
Accepted for publication December 17, 2001 dianapolis, IN, USA) and stroke-prone SHR (SHRsp)
were obtained from a colony maintained since 1981 at 2002 by the International Society of Nephrology
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the University of Michigan in Ann Arbor. All rats were glands remained intact. The donor kidney was placed
on an ice-cold coil during anastomosis of the vessels:cared for in accordance with the Principles of the Guide
for the Care and Use of Laboratory Animals (Depart- end-to-side of the donor kidney’s artery and the recipi-
ent’s aorta, and end-to-end of the donor kidney’s andment of Health, Education, and Welfare). They were
housed in a constant temperature room with a 12-hour the recipient’s renal veins. The vessels were unclamped,
and the cooling coil was removed. The donor’s kidneyslight and 12-hour dark cycle, and as described below,
free access to food and drinking water except that food and the recipient’s ureters were anastomosed end-to-end.
The abdominal wall was closed with a continuous 6-0was restricted the night before transplantation surgery.
prolene suture, the skin was closed with interrupted 6-0
Experimental protocol silk sutures, and the rat was put in a recovery cage with
access to food and water.Unilaterally nephrectomized SHR and SHRsp recipi-
ents underwent renal cross transplantation and were
BP radiotelemetrymaintained on a standard (1.14% NaCl diet (Teklad,
Madison, WI, USA) and tap water. Six to ten days post- The rats were anesthetized with sodium pentobarbital
(45 mg/kg via tail vein) six to ten days after transplanta-transplant, the recipients were instrumented for con-
tinuous BP monitoring by radiotelemetry (vide-infra). tion surgery and prepared for BP radiotelemetry [17].
Each rat had a BP sensor inserted intraperitoneally. TheAfter an additional six to eight days, the rats were
weighed, a 24-hour urine collection was obtained for sensor’s catheter was inserted into the aorta below the
level of the renal arteries, and the radiotransmitter wasbasal protein excretion and radiotelemetric BP monitor-
ing was begun. During the first week of monitoring, all fixed to the peritoneum. After allowing one week for
recovery, the rats were housed individually in polycarbo-rats were continued on the standard diet (1.05% NaCl
Lab Diet, catalog #5001) and tap water, following which nate cages placed on radio receivers connected to a mi-
crocomputer running the Dataquest software packagethey were switched to an 8% NaCl diet (Lab Diet, Cata-
logue #5001 C-2) and tap water to accelerate the develop- (Data Sciences International, Minneapolis, MN, USA).
Systolic BP was recorded for a 5-second interval everyment of hypertension and the associated renal damage.
The diets were isocaloric and otherwise identical in com- 10 minutes throughout the day and night.
position. After three weeks (SHR recipients) or four
Histological analysisweeks (SHRsp recipients) of the 8% NaCl diet, a repeat
24-hour urine collection was obtained for determination The kidneys were perfusion-fixed at the ambient pres-
sure before removal as previously described [18]. In brief,of proteinuria following which the rats were anesthetized
(Na pentobarbital 45 mg/kg body wt) and the kidneys the kidneys were perfused with 150 mmol/L NaCl at 38C
until the venous effluent cleared, followed by modifiedwere removed for histological analysis.
Karnovsky’s fixative (2% wt/vol paraformaldehyde and
Kidney transplantation 2.5% glutaraldehyde in 0.1 mol/L cacodylate buffer, pH
7.4) for 10 minutes. Two transverse sections of the kidneyOnly males were used, and the donors and recipients
were age-matched (6 to 8 weeks old) at the time of through the papilla were post-fixed in buffered formalin
and embedded in paraffin. Sections (3 to 4 m) weretransplantation. At this age, no evidence of renal damage
is present in either strain [9, 10]. The techniques for stained with hematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS). Glomerular and vascular injuries wereharvesting and transplanting kidneys were described in
detail previously [15, 16]. Briefly, donors and recipients quantitated separately in both of the sections from each
kidney as previously described [15, 18]. All of the glomer-were anesthetized and maintained on a surgical plane of
anesthesia with Na pentobarbital (initial dose45 mg/kg uli in each section were counted and classified as normal
or abnormal. Abnormal glomeruli were separated intobody wt given via a tail vein). The donor rat was heparin-
ized (100 milliunits in 0.1 mL, IV) and the left kidney three categories, those exhibiting (a) acute hypertensive
injury (necrosis, thrombosis, microaneurysms and capil-was removed after it was flushed via the aorta with 5
mL of an ice-cold solution (150 mmol/L NaCl and 200 lary wall disruption), (b) segmental glomerular sclerosis
(collapsed capillary loops with mesangial matrix expan-mmol/L mannitol, pH 6.4). The donor kidney was kept
in ice-cold flush solution while preparing the recipient. sion), or (c) ischemic injury (globally shrunk glomeruli
with collapsed capillary loops). The percentages of glo-A midline incision was made, and the left kidney was
removed after transecting the ureter near the hilum, the meruli exhibiting each of these three lesions were re-
corded, and the sum of the three percentages was takenrenal artery near its origin (or distal to the inferior adre-
nal artery if it arose from the renal artery rather than as the % glomerular damage score. The total number of
vascular profiles exhibiting evidence of acute hypertensivefrom the aorta), and the renal vein near the kidney,
leaving the adrenal and spermatic veins patent. With this injury (fibrinoid necrosis, myointimal proliferation, frag-
mentation of internal elastic lamellae, and aneurysmalmethod, the circulation of both of the recipient’s adrenal
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Fig. 2. Renal damage scores in the native SHR () and the trans-
planted SHRsp () kidneys in SHR recipients at sacrifice after 3 weeks
of an 8% NaCl diet (N  4). Details about BP monitoring are in the
legend to Figure 1; the renal damage score is the sum of the vascular
and % glomerular histological damage scores as found in the Methods
Fig. 1. Weekly averages of systolic blood pressure in spontaneous hy- section.
pertensive rats (SHR; N  4) and stroke-prone SHR (SHRsp; N  8)
given standard rat chow (1.05% NaCl) and tap water to drink for the
first week, followed by an 8% NaCl and tap water for 3 weeks (SHR
recipients; ) or 4 weeks (SHRsp recipients; ). Because of a radio- of the BP radiotelemetry when the rats were receivingtransmitter malfunction, the data for one SHRsp recipient are not
a standard diet (1.05% NaCl) for body weight (253  6included. In each rat, average systolic blood pressure was determined
by radiotelemetry during a 5-second interval every 10 minutes. The vs. 233  9 g) or proteinuria (8.9  0.9 and 7.8  0.6
weekly average for each rat was calculated as the average of 1000 mg/24 h), respectively. Similarly, these parameters weresuch systolic BP measurements at 10 minute intervals. The group aver-
not significantly different at the conclusion of the studyages were calculated by averaging the weekly averages of individual
rats. Also shown is the difference in the increase in BP by week 4 in after three to four weeks of 8% NaCl diet (body weight
the SHR and SHRsp recipients, *P  0.05. 316  9 vs. 303  7 g; proteinuria 113  18 vs. 75  12
mg/24 h). The weekly averages of systolic BP in the two
groups of rats are shown in Figure 1. There were no
dilation) was counted in each section. The number of significant differences in the average systolic BP during
such vascular profiles with damage was expressed per the initial week of BP radiotelemetry on the standard
100 glomeruli as a vascular damage score to correct for 1.05% NaCl diet (189  10 vs. 175  5 mm Hg). Both
any differences in the amount of renal parenchymal pres- groups exhibited increases in systolic BP after being
ent in sections from individual kidneys. Finally, a com- switched to the 8% NaCl diet, but the rate of increase
posite score for total renal damage was calculated as the was significantly greater in the SHRsp recipients as dem-
sum of the vascular damage score and the % glomerular onstrated by a comparison of the BP increases by the
damage score. fourth week between the two groups (4th week BP 
Additionally, sections from each kidney (native or 1st week BP).
transplanted) were carefully evaluated for evidence of Figure 2 shows the results obtained in four unilaterally
immunologic rejection in the form of tubulointerstitial nephrectomized SHR recipients of SHRsp kidneys. Al-
mononuclear cellular infiltrates away from the sites of though the transplanted SHRsp kidneys showed greater
hypertensive glomerular and vascular damage [19]. renal damage as compared to the native SHR kidneys,
they also exhibited focal cellular infiltrates away fromStatistical analysis
the sites of hypertensive vascular and glomerular damage
All data, including the renal damage scores, are ex- indicating immunologic rejection, probably due to the
pressed as means  SEMs. Paired t test was used to
differences in minor histocompatibility antigens (Fig. 3statistically compare the differences in histologic damage
A, B). Because of the small numbers, the differences inobserved between the two kidneys in the same recipient
renal damage scores did not reach statistical significanceand thus exposed to the same BP hormonal and meta-
(P  0.06). Moreover, such results could not have ex-bolic milieu. The unpaired Student t test was used to
cluded the possibility that immunologic rejection wasdetermine the statistical significance of other differences
contributing to the more severe renal damage seen inbetween the two groups. A two-tailed P of 0.05 was
the transplanted SHRsp kidneys. Therefore, this proto-considered significant [20].
col was abandoned in favor of the converse protocol in
which uninephrectomized SHRsp served as the recipi-
RESULTS ents of transplanted kidneys from age-matched SHR do-
nors (N  9).Significant differences were not present between the
two recipient groups (SHR and SHRsp) at the initiation Figure 4 shows the results of these studies. An identical
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Fig. 3. Histologic findings in (A) native SHR kidney, (B) transplanted SHRsp kidney in the same SHR recipient, (C ) transplanted SHR kidney,
and (D) native SHRsp kidney in the same SHRsp recipient. A greater severity of vascular (arrows) and glomerular (asterisk) damage is seen in
the native and transplanted SHRsp kidneys. However, the transplanted kidneys also exhibit significant cellular infiltrate (arrowheads) indicative
of rejection (B and C). Periodic acid-Schiff (PAS) stain, 160.
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avoided. In previous intrastrain transplantation studies,
we have extensively validated our transplantation tech-
niques and shown essentially identical structure and
function of transplanted and native kidneys [15, 28–30].
Moreover, given that the results were qualitatively simi-
lar in both sets of cross transplantation studies, it is
unlikely that technical vascular problems played a role
in the observed differences in renal damage between
SHR and SHRsp kidneys. The SHRsp kidneys, native
or transplanted, exhibit nearly twice the severity of renal
damage as compared to the SHR kidneys, whether native
Fig. 4. Renal damage scores in the transplanted SHR () and native or transplanted, when exposed to an identical milieu of
SHRsp () in SHRsp recipients at sacrifice after 4 weeks of an 8%
systemic BP and metabolic environment of either theNaCl diet (N  9). As noted in the legend to Figure 1, the BP data for
one SHRsp recipient are not included because of a radiotransmitter salt supplemented SHR or the SHRsp recipient. The
malfunction and thus, are for 8 rats only. *P  0.0005. relative resistance of SHR kidneys to hypertensive renal
damage in the present study is consistent with a similar
resistance to DOCA-salt induced hypertensive damage
of the SHR kidneys noted in our previous transplanta-protocol was followed as for the previous experiment
tion study between Brown-Norway and a congenic histo-except that the 8% NaCl diet was continued for four
compatible SHR strain [15]. The present results thusweeks in order to achieve a greater separation in histo-
clearly demonstrate that the SHRsp kidneys are signifi-logic damage between the two kidneys. The rats were
cantly more susceptible to hypertensive renal damagethen sacrificed and perfusion fixed kidneys harvested for
than the SHR kidneys, independent of the differenceshistologic quantitation of renal damage. As expected,
between the two strains in the rate and severity of BPfocal cellular infiltrates indicative of immunologic rejec-
increases after salt-supplementation [10].tion in this instance were observed in the transplanted
The present data also illustrate a potential limitationSHR kidneys (Fig. 3C). Nevertheless, greater renal dam-
of the cross transplantation strategy. Despite the SHRage was seen in the native SHRsp kidneys (Fig. 3D).
and SHRsp strains possessing the same MHC [14], histo-
logic evidence of some rejection was observed in the
DISCUSSION cross-transplanted SHR and SHRsp kidneys, probably
due to differences in the minor histocompatibility anti-Genetic factors are widely believed to contribute to
the considerable variability observed in the incidence gens. However, the histologic changes were relatively
mild and consisted of focal tubulointerstitial cellular in-and severity of renal damage in hypertensive humans
and experimental animals [1–13, 21–25]. However, little filtrates. Nevertheless, it is possible that such cellular
rejection may alter local tissue susceptibility and magnifyprogress has been made in identifying the responsible
genes and/or intermediate mechanisms, despite the avail- the degree of hypertensive renal damage sustained in
the transplanted kidneys. Therefore, the results obtainedability of various rat strains that appear to exhibit such
differences in susceptibility to renal damage. This is in in the SHRsp recipients with the native SHRsp kidney
showing significantly greater renal damage than thepart due to the fact that it has been difficult to unequivo-
cally demonstrate that the observed differences in the transplanted SHR kidneys provide the more definitive
evidence of the genetically greater susceptibility of theseverity of renal damage are due to intrinsic genetic
differences in susceptibility rather than due to differ- SHRsp kidneys. However, it is of note that proportion-
ately similar differences were observed in the SHR recip-ences in BP exposure. Given the natural lability of BP
that is further exaggerated in hypertensive states, it is ients between the transplanted SHRsp kidneys (with re-
jection) and the native SHR kidneys (without rejection),almost impossible to ensure equivalent BP exposure of
genetically different kidneys with conventional BP mea- suggesting that it is unlikely that such cellular rejection
contributed significantly to the quantitated renal damagesurement techniques [13, 15, 17, 26, 27]. The difficulty
is further compounded by the additional potential differ- in either the transplanted SHR or the SHRsp kidneys.
For the same reasons, these data also suggest that trans-ences between the compared strains in metabolic and
hormonal factors that can interact with hypertension to plantation associated denervation per se does not sig-
nificantly alter the genetic susceptibility to renal damage,promote renal damage. Our experimental design—cross
transplantation using unilaterally nephrectomized recipi- consistent with our previous transplantation studies in
the SHR and Brown Norway rat strains [15]. Theoreti-ents—circumvents these limitations, provided technical
problems related to the transplantation procedure such cally, the alternative strategy of using unilaterally ne-
phrectomized F1 hybrids as recipients for both SHR andas stenosis of the vascular anostomotic site can be
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SHRsp kidneys would have avoided the potential prob- involved in the differential susceptibility to hypertensive
lem of rejection. However, such a strategy would not renal damage of the SHR and SHRsp kidneys when
have ensured the simultaneous response to an identical exposed to an identical BP and metabolic milieu. Theo-
BP milieu. Conceivably, the BP profiles of F1 recipients retically, such differences may result if systemic pressures
of SHR kidneys could differ from that of F1 recipients of are transmitted to the renal microvasculature to a greater
SHRsp kidneys complicating interpretations of differ- extent in the salt supplemented SHRsp as compared to
ences in renal damage between SHR and SHRsp kidneys. the SHR (less efficient autoregulatory capacity in the
A greater severity of renal damage to both SHR and SHRsp) [35–38]. Alternatively, there might be genetic
SHRsp kidneys was observed in the SHRsp recipients differences in the structural and/or functional character-
as compared to that in the SHR recipients. This most istics of the renal vasculature in the SHRsp that renders it
likely is a consequence of the additional exposure to more susceptible to the development of renal damage at
more severe hypertension during the fourth week after any given level of intrarenal pressures, for instance through
the 8% NaCl diet in the SHRsp recipients. It is of inter- differences in the activity and/or expression of local tissue
est, however, that the greater overall renal damage in (cellular) mediators of renal damage [34, 39].
the SHRsp as compared to SHR recipients was not paral- Our conclusion that the SHRsp is genetically more
leled by similar differences in proteinuria. In fact, less
susceptible than the SHR to renal damage is intriguing
proteinuria was observed in the SHRsp recipients, al-
in the context of several publications. In a segregatingthough the difference was not significant. Such a result
population derived from SHRsp and SHR, Rubattu etis probably not entirely unexpected given the nature of
al, mapped a quantitative trait locus (QTL) for suscepti-renal damage that involves significant injury to preglo-
bility to stroke to a region of rat chromosome 1 in themerular vessels resulting in poorly perfused ischemic
vicinity of D1Mit3 [8]. We reported increased suscepti-glomeruli distal to the sites of vascular injury. Consistent
bility to hypertension induced renal damage in a con-with such an interpretation, the greater renal damage
genic strain of SHR (SHR.BN-D1Mit3/Igf2) versus thein the SHRsp recipients was accompanied by a greater
SHR [40]. This congenic strain is genetically identical tonumber of histologically ischemic glomeruli. The greater
the SHR except for a 22 cM segment of rat chromosomeincrease in BP by the third week after salt supplementa-
1 introgressed from the Brown Norway rat, a strain thattion in the SHRsp recipients as compared to the SHR
is genetically more susceptible to hypertensive renalrecipients, despite a similar complement of kidneys, is
damage than the progenitor SHR strains [15]. The seg-more difficult to interpret. It may reflect the greater
ment of chromosome 1 trapped in our congenic strainsalt sensitivity of the SHRsp strain [10], and data from
overlaps with the region that contains the stroke suscep-previous transplantation studies have suggested that the
BP phenotype is influenced by both the kidney and the tibility QTL mapped by Rubattu et al [8]. Both of these
recipient genotype [31, 32]. However, other factors such regions also appear to be in proximity to a segment of
as differential renal damage and/or differential effects chromosome 1 that contains a QTL for renal failure
of denervation on SHR and SHRsp kidneys also may mapped by Brown et al in a linkage study of the Fawn
have played a role. Hooded Hypertensive rat [24]. Collectively, these obser-
In our current studies, accelerated renal damage was vations suggest that rat chromosome 1 contains QTL
investigated in hypertensive rats in which hypertension that increase the risk for vascular damage in a variety
was additionally and rapidly exacerbated by administra- of organs, including the brain and the kidney, and may
tion of a high (8%) NaCl diet. We have previously shown play a role in the increased genetic susceptibility of
that such salt supplementation in the absence of a Japa- SHRsp to renal injury.
nese style stroke-prone diet minimizes strokes, but the
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